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We consider two-color heteronuclear photoassociation of atoms into dipolar molecules in the J = 1
electro-vibrational ground state, where a free-ground laser couples atoms directly to the ground state
and a free-bound laser couples the atoms to an electronically-excited state. This problem raises
an interest because heteronuclear photoassociation from atoms to near-ground state molecules is
limited by the small size of the target state. Nevertheless, the addition of the excited state creates a
second pathway for creating ground state molecules, leading to quantum interference between direct
photoassociation and photoassociation via the excited molecular state, as well as a dispersive-like
shift of the free-ground resonance position. Using LiNa as an example, these results are shown to
depend on the detuning and intensity of the free-bound laser, as well as the semi-classical size of both
molecular states. Despite strong enhancement, coherent conversion to the LiNa electro-vibrational
ground state is possible only in a limited regime near the free-bound resonance.
PACS numbers: 03.75.Nt,34.50.Rk,42.50.Ct
I. INTRODUCTION
As a gas of N bosons is cooled to a temperature T
in the nanocold regime, the thermal DeBroglie wave-
length of the atoms, ΛD ∝ 1/
√
T , gets longer and longer
until, eventually, it is of the order of the interparticle
spacing, ρΛ3D ∼ 1 (where ρ is the particle density),
and the atoms condense into a single quantum state.
For alkali-metal atoms, Bose-Einstein condensation oc-
curs around 100 nK, and is achieved by laser and evap-
orative cooling atoms that begin at oven temperatures
∼ 600 K [1]. Unfortunately, laser cooling depends on the
existence of a closed few-level system, which does not
exist for molecules, making quantum degeneracy harder
to achieve. Nevertheless, due to large phase space den-
sity [2], photoassociation of Bose-condensed atoms can
be highly efficient, providing an end run around the
need for laser cooling of molecules. In the heteronu-
clear case [3, 4], photoassociation can thus serve as a bulk
source of dipolar molecules which, in turn, can be used
in quantum computing applications [5] and simulations
of condensed-matter systems [6].
In photoassociation [7, 8, 9], a colliding pair of atoms
absorbs a photon and makes a transition from the two-
atom continuum to an bound molecular state. Since
one-photon transitions to the homonuclear ground state
are dipole forbidden, these free-bound transitions occur
to an electronically-excited state that undergoes sponta-
neous decay, typically on a time scale of tens of nanosec-
onds. To allow for fundamental studies and practical
applications, a second laser is needed to drive popula-
tion to the ground state [10, 11, 12]. However, Raman
photoassociation is limited in practice by unwanted dis-
sociation [13], as well as the large frequency difference
between the lasers that is required to target vibrational
stables. So far, free-bound-ground photoassociation ex-
periments have produced only a relatively small number
of molecules in metastable high-lying levels [11].
We therefore consider photoassociation of a heteronu-
clear condensate, where the permanent electric dipole
moment of the daughter molecule enables transitions di-
rectly to the ground electro-vibrational state. High phase
space density not withstanding, excessive laser power is
required in a one-photon scheme due to the the small size
of the molecular state relative to the atom-pair state. A
second photoassociation laser is then added to drive free-
bound transitions to an electronically-excited molecular
state, creating the “ground-free-bound” system shown
in Fig. 1. The addition of the second photoassociation
laser creates an alternative path for reaching the electro-
vibrational ground state, leading to quantum interference
and a dispersive-like shift of the free-ground resonance
position that depend on the free-bound laser intensity
and detuning, as well as the size of both molecular states.
Nevertheless, strong enhancement does not guarantee co-
herent conversion to the electro-vibrational ground state,
which occurs only for limited detunings near free-bound
resonance. This scheme is analogous to laser-induced au-
toionization [14], and Feshbach-enhanced photoassocia-
tion [15, 16, 17, 18].
This Article is outlined as follows. In Sec. II, the
model for ground-free-bound photoassociation of a Bose-
Einstein condensate of heteronuclear atoms is intro-
duced, including photodissociation to noncondensate
atom pairs. Next, a steady-state solution is developed
for the noncondensate pair amplitude, leading to a cross-
molecular coupling between the two, otherwise uncou-
pled, molecule states. Also, the rate equation is derived
for laser-enhanced photoassociation using the equivalent
of the density matrix from quantum optics, and quantum
interference is discussed qualitatively. In Sec. III, the de-
tuning and intensity position of the inteference node and
lightshift are detailed, as well as enhanced saturation in-
tensties, using LiNa as an example. Lastly, coherent con-
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FIG. 1: (a) Ground-free-bound photoassociation of a het-
eronuclear conensate, including (b) dissociation to noncon-
densate modes. (c) Treating the noncondensate modes in the
steady-state approximation leads to an effective coupling be-
tween the two molecular states. (d) Similarly, for large free-
bound detuning, an effective two-level system emerges.
version to the electro-vibrational ground state is shown
to take place in a finite window near the free-bound res-
onance. We conclude with Sec. IV.
II. STEADY-STATE MODEL
Consider N1 atoms of mass m1 and N2 atoms of
mass m1 that have each Bose-condensed into the zero-
momentum state |0〉, with N = N1 + N2 as the total
number of atoms. The free-ground photoassociation laser
then destroys an atom from each species and creates a
dipolar molecule of mass m3 = m1 + m2 in the J = 1
rotational state of the electro-vibrational ground state,
|1〉, where transtions to the absolute ground state are
dipole forbidden. The natural linewidth for this state is
Γ01, the atom-molecule Rabi coupling is Ω1, and the de-
tuning δ01 < 0 indicates an open dissociation channel.
Similarly, the free-bound photoassociation laser creates
a molecule in the excited state |2〉 with natural linewidth
Γ02, where the atom-molecule coupling is Ω2 and the de-
tuning δ02 > 0 denotes an open dissociation channel. As
per Fig. 1(a), this is the cascade system familiar from
few-level quantum optics with the intermediate state ini-
tially occupied. In the language of second quantization,
annihilation of an atom (molecule) from the i-th atomic
(molecular) condensate is represented by the operator ai
(bi). The Hamiltonian for the condensate modes is
H0
h¯
=
∑
i
[
(−1)iδ0i − iΓ0i/2)b†i bi
]
− 1
2
√
N
∑
i
Ωi
[
a1a2b
†
i + bia
†
2a
†
1
]
. (1a)
To be more precise, molecular dissociation to noncon-
densate levels should be included, as per Fig. 1(b). This
situation arises because a condensate molecule need not
dissociate back to the atomic condensate, but may just
as well create a pair of atoms with equal-and-opposite
momentum, since total momentum is conserved. So-
called rogue [13, 19], or unwanted [20], dissociation to
noncondensate modes therefore introduces the operators
ai,±k, along with the kinetic energy of a dissociated pair
h¯εk = h¯2k2/2µ of reduced mass 1/µ = 1/m1 + 1/m2.
The noncondensate Hamiltonian is
H1
h¯
=
∑
k
εk
(
a†1,ka1k + a
†
2,ka2k
)
− 1
2
√
N
∑
i
∑
k
Ωifi,k(a1,ka2,−kb
†
i + bia
†
2,−ka
†
1,k),
(1b)
where fi,k accounts for the wavevector dependence of the
i-th coupling to the noncondensate modes. Note that the
free term in H1 is an approximation that yields the cor-
rect mean-field equations to lowest order in the BBGKY
hierarchy of correlation functions.
To obtain these mean-field equations, the Heisenberg
equation of motion for a given operator, ih¯x˙ = [x,H],
are derived from the Hamiltonian H = H0 + H1 given
by Eqs. (1) and the operators are declared c-numbers.
In a minimalist model, x represents either the atomic
amplitude ai (molecular amplitude bi), or the anomalous
density, Ak = a1,ka2,−k, which arises from photodissocia-
tion to noncondensate modes. The summation over k im-
plicit to the Hamiltonian is then converted to an integral
over frequency, introducing the frequency ωρ = h¯ρ2/3/2µ.
The resulting mean-field equations are
ia˙1 = − 12a∗2(Ω1b1 + Ω2b2), (2a)
ia˙2 = − 12a∗1(Ω1b1 + Ω2b2), (2b)
ib˙i =
[
(−1)iδ0i − iΓ0i/2
]
bi − 12Ωia1a2
− 12ξi
∫
dε
√
ε fi(ε)A(ε), (2c)
iA˙(ε) = εA(ε)− 12
∑
iΩi fi(ε)bi, (2d)
where the amplitudes have been scaled by a factor of
√
N
and are now of order unity, the ith atom-molecule cou-
pling is Bose-enhanced, Ωi ∝ √ρ, and the rogue coupling
is 4piξi = Ωi/ω
3/2
ρ . The frequency dependence of the
ith atom-molecule coupling is modeled with a Gaussian,
fi(ε) = exp(−ε2/2β2i ), where the width of the coupling,
βi, is determined by the semi-classical size of the i-th
molecule state, βi = h¯/(2µL2i ).
Borrowing from quantum optics, the simplest non-
trival way to include noncondensate modes is to treat the
anomalous amplitude in the steady-state approximation,
3A˙ ≈ 0. The system then evolves according to
ia˙1 = − 12a∗2(Ω1b1 + Ω2b2), (3a)
ia˙2 = − 12a∗1(Ω1b1 + Ω2b2), (3b)
ib˙1 = −(δ1 + iΓ1/2)b1 − 12Ω1a1a2 − 12Ω3b2, (3c)
ib˙2 = (δ2 − iΓ2)b2 − 12Ω2a2 − 12Ω3b1, (3d)
where δi = δ0i− (−1)iσ0i and Γi = Γ0i+γi. The shift of
laser resonance is σ0i = <[Σi], and the photodissociation
rate is γi = =[Σi], where
Σi = lim
ω→0
1
4Ωiξi
∫
dε
√
ε
f2i (ε)
(ε− ω) . (4a)
Also, the shared dissociation continuum leads to an effec-
tive coupling between the otherwise uncoupled molecular
states,
Ω3 =
Ω1Ω2
4piω3/2ρ
<
[
lim
ω→0
∫
dε
√
ε
f1(ε)f2(ε)
(ε− ω)
]
. (4b)
Physically, the shared continuum acts like a virtual state
that enables transitions between the two, otherwise un-
coupled, photoassociation targets.
Next, assume that the free-bound laser is far-off res-
onance, whereby the excited amplitude b2 is treated in
steady-state as well. The system is now described by an
effective two-level (three-mode) model [Fig. 1(d)]:
ia˙1 = − Ω
2
2
4δ2
|a2|2a1 − 12χa∗2b1, (5a)
ia˙2 = − Ω
2
2
4δ2
|a1|2a2 − 12χa∗1b1, (5b)
ib˙1 = −(ν + iΓ/2)b1 − 12χa1a2, (5c)
where the two-photon atom-molecule coupling is χ =
Ω1 + 12Lδ2Ω2/Ω3, the Stark-shifted detuning is ν =
δ1 + 14Lδ2, and the effective damping is Γ = Γ1 + 14LΓ2,
where L = Ω23/[δ22 + Γ22/4]. Since Γ2  [Ω22/(4δ2)]|ai|2,
we neglect the resonant mean-field shift compared to the
natural linewidth of the excited molecular state, except
to define the resonant intercondensate scattering length,
ρ1/3ar = −Ω22/(8piωρδ2).
To derive an expression for the rate constant, we define
the atomic and molecular probabilities, Pi = a∗i ai and
P0 = 2b∗1b1, as well as the atom-molecule “coherence”
C0i = aib∗1. Making extensive use of the product rule,
e.g., iC˙0i = iaiaib˙∗1 + 2iaia˙ib
∗
1, we have
iP˙i = χ(C0i − C∗0i), (6a)
iP˙0 = −iΓPm − 12χ
∑
i
(C0i − C∗0i), (6b)
iC˙0i = (ν − iΓ/2)C0i + 12χPi(Pi − 2P0). (6c)
Equations (6) are equivalent to the density matrix from
quantum optics. Solving Eqs. (6) in the reservoir ap-
proximation, Pi ∼ 1 and P0  1, and for a steady-state
coherence, C˙0i ≈ 0, the rate equation for the probability
of the ith atomic condensate is given by
P˙i =
1
4
χ2/Γ
ν2 + Γ2/4
P1P2. (7a)
The rate equation (7a) defines the rate constant for het-
eronuclear photoassociation
ρK =
1
4
χ2/Γ
ν2 + Γ2/4
. (7b)
Evidentally, as a function of the laser detuning from
the free-bound resonance, δ2, the laser resonant rate con-
stant K is suppressed below the rate for photoassociation
alone for χ < Ω1, essentially vanishing for χ ≈ 0, and is
enhanced above the rate for photoassociation alone for
χ > Ω1. Borrowing intuition from quantum optics, once
the two molecular states are coupled by the shared pho-
todissociation continuum, this suppression and enhance-
ment is due to quantum interference between photoas-
sociation directly to the electro-vibrational ground state
and photoassociation to the electro-vibrational ground
state via the electro-excited molecular state.
III. EXPLICIT RESULTS
For concreteness, we consider explicit numbers for
LiNa. The rate constant for resonant free-ground pho-
toassociation alone is
ρK1 =
Ω21
Γ01 + γ1
. (8)
In the low intensity limit γ1  Γ01, so that Ω1 =√
ρK1Γ0. Borrowing from Ref. [17], the unit-intensity
rate constant for 100 nK [21] transitions to the J = 1
rotational state in the electro-vibrational ground state of
LiNa is K1 = 5.5 × 10−15 cm3/s. Estimating the natu-
ral linewidth Γ01 = 12 × 2pi mHz, the free-ground Rabi
coupling is Ω1 = 3.2 × 2pi mHz for I1 = 1 W/cm2 and
ρ = 1012 cm−3. The free-bound coupling for the electro-
excited molecular state, Ω2 = Ω02
√
I/I02, is estimated
by mass scaling those for homonuclear Li [16, 22]: Ω02 =
44× 2pi kHz/(W/cm2)1/2, I02 = 43 W/cm2, L2 = 133a0,
and Γ02 = 12× 2pi MHz. Finally, for Gaussian fi(ε), the
cross-molecular coupling is Ω3 = ηΩ1Ω2
√
β/ωρ/(4piωρ),
where η is a dimensionless constant of order unity leftover
from integrating the two Gaussians, and β = h¯/(2µ)L2
with L = 4
√
L41 + L
4
2. Hence, away from the free-bound
resonance and on lightshifted resonance (ν = 0), the rate
constant is then
ρK =
Ω21
[
1 + η
(
1
ρ1/3L
)(
Ω22
8piωρδ2
)]2
Γ1 +
[
η
(
1
ρ1/3L
)(
Ω22
8piωρδ2
)(
Ω1
Ω2
)]2
Γ2
, (9)
where Γ1 ≈ Γ01 for free-ground intensities herein.
4A. Destructive Interference
Considering the node, for fixed free-bound laser inten-
sity photoassociation ceases for the free-bound detuning
δN2
Γs
= − η
8pi
Ω22
ωρΓs
ρ1/3L. (10a)
On the other hand, for fixed laser detuning and Ωi =
Ω0i
√
Ii/I0i, where I0i is a characteristic intensity for the
given transition, then the intensity position of the de-
structive interference node is
IN2
I02
= −8pi
η
ωρδ2
Ω202
ρ1/3L , (10b)
This node exists in addition to any nodes in the solution
to the radial Schro¨dinger equation [13], which occur for
arbitrary intensity.
Results for LiNa are shown in Fig. 2 for modest free-
ground intensity I1 = 1 W/cm2. For fixed free-bound
intensity I2/I1 = 10 (100), photoassociation ceases at
the detuning δN2/Γ02 ∼ 10 (100), as per Eq. (10a) and
Fig. 2(a). On the other hand, for fixed free-ground de-
tuning −δ2/Γ02 = 10 (20), cessation occurs at the inten-
sity I2/I02 = 0.23 (0.46), as per Eq. (10a) and Fig. 2(b).
Although independent of free-ground intensity and de-
tuning, the position of a given node does depend on the
size of the free-ground molecules state, as well as the size
of the free-bound molecular state.
B. Constructive Interference
Enhanced or not, the rate constant is linear for low
free-ground intensity and saturates to a constant value
for large free-ground intensity. Absent the free-bound
coupling [Eq. (8)], saturation occurs at an intensity
I01 = Γ01/(γ01/I01), which is inconveniently large at
100 101 102 103
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FIG. 2: Laser-enhanced photoassociation of a joint Li-Na con-
densate. Here the free-ground laser is on lightshifted reso-
nance ν = 0, and I1 = 1 W/cm
2. (a) For fixed free-bound
intensities I2/I1 = 10 (solid line) and 100 (dashed line), quan-
tum interference is tunable according to the free-bound detun-
ing. (b) On the other hand, for fixed detuning −δ2/Γ02 = 1
(solid line) and 2 (dashed line), quantum interference is tun-
able according to the free-ground intensity.
best since the free-ground coupling is exceptionally weak,
e.g., for LiNa at 100 nK the saturation intensity is
I01 ≈ 2.2 MW/cm2. However, the laser-enhanced free-
ground rate constant is nearly 10−11 cm3/s [Fig 2(a)],
representing an enhancement of more than three orders
of magnitude over one-color alone. Quantum enhance-
ment via the shared continuum might therefore bring sat-
uration of free-ground transitions closer to the realm of
observability. Saturation sets in when the second term
in the denominator of Eq. (9) is of the order of Γ1. The
saturated rate constant is then
ρK =
[
1 +
1
η
ρ1/3L
(
8piωρδ2
Ω22
)]2 Ω22
Γ2
, (11a)
and the enhanced free-ground saturation intensity is
I ′01
I01
=
[
1
η
(ρ1/3L)
(
8piωρδ2
Ω22
)(
Ω2
Ω01
)]2 Γ1
Γ2
, (11b)
Near the free-bound resonance (δ2 ∼ 0), the rate constant
saturates at the rate constant for free-bound photoasso-
ciation alone, ρK = Ω22/Γ2.
For a LiNa system at free-bound detuning on the edge
of validity for the present model, δ2/Γ02 = −1, and a
strong free-bound intensity 100 W/cm2, the enhanced
saturation intensity is I01 ∼ 2 kW/cm2. Although still
somewhat large, this result is an improvement to I01 of
three orders of magnitude. Further results are shown in
Fig. 3, illustrating the dependence on free-bound detun-
ing and intensity. Furthermore, based on intuition from
a combination of photoassociation and Feshbach reso-
nances [16], the model probably remains valid for much
smaller detunings, which brings saturation even further
into the observable realm.
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FIG. 3: Saturation in laser-enhanced free-ground photoasso-
ciation of an Li-Na condensate, where the free-ground laser
intensity is I1 = 1 W/cm
2. (a) Dependence of saturation
on the detuning of the free-bound laser, where −δ2/Γ02 = 1
(solid line) and 2 (dashed line) for fixed free-bound laser inten-
sity I2/I1 = 100. (b) Dependence of saturation on free-bound
intensity, where I2/I1 = 100 (solid line) and 200 (dashed line)
for fixed free-bound detuning −δ2/Γ02 = 1.
5C. Dispersive-like Lightshift
Whereas the lightshift of laser resonance arising from
the free-ground coupling, σ01 = <[Σ1], is strictly to the
red [10, 23, 24], the cross-molecular coupling, i.e., the
additional bound state, leads to an anomalous lightshift
of laser resonance, σ1 = σ01 + Lδ2, that can be either
blue or red:
σ1 = σ01
[
1 + η2
L1
L
(
1
ρ1/3L
) (
Ω22
8piωρδ2
)]
. (12)
Qualitatively, free-ground photoassociation dominates
far from the free-bound resonance, and the lighthsift is
therefore to the red (σ1 > 0). Near the free-bound res-
onance, the excited state dominates and the position of
free-ground resonance is to the blue, with a nodal posi-
tion that depends on the detuning and intensity of the
free-bound laser, as well as the the semi-classical size of
both molecular states. The excited state contribution is
to the blue because it takes extra energy to break up the
excited-state molecule.
Quantitatively, up to an factor of 1/(ηL1/L), the light
shift vanishes for a critical detuning given by Eq. (10a),
and a critical intensity given by Eq. (10b). Typical re-
sults for LiNa are shown in Fig. 4. The difference in the
position of the rate and lightshift nodes is due to the as-
sumedly different sizes of the molecular states. In partic-
ular, the difference is due to the physical constraint that
the size of the ground state is much less than the size of
the excited state–if the roles are reversed, the positions
of the nodes are roughly identical since 1/η ∼ 1.
D. Comparison to Collisional Models
Bridging to collisional models, the laser-induced res-
onant scattering length is again defined by ρ1/3ar =
-30 -20 -10 0
-5
0
5
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1/!
01
"2/#02
0 5 10 15 20
-1
0
1
I2 [W/cm
2]
FIG. 4: Dispersive-like lightshift in heteronuclear free-ground
photoassociation of a joint Li-Na Bose-Einstein condensate,
where the free-ground laser intensity is 1 W/cm2 and the size
of the ground molecular state is estimated as L1/L2 = 10. (a)
The detuning position of the lightshift node depends on the
intensity of the free-bound laser, where the solid (dashed) line
is for I2/I1 = 100 (200). (b) Similarly, the intensity position
of the node depends on the free-bound detuning, where the
solid (dashed) line is for −δ2/Γ02 = 1 (2).
−Ω22/(8piωρδ2). The rate constant (9) is then
ρK =
Ω21
(
1− η ar
L
)2
Γ1 +
(
η
ar
L
Ω1
Ω2
)2
Γ2
. (13)
Similarly, the saturated rate constant, the saturation in-
tensity, and the lightshift are re-written as
ρK =
(
1− 1
η
L
ar
)2 Ω22
Γ2
(14a)
I ′01
I01
=
(
1
η
L
ar
Ω2
Ω01
)2 Γ1
Γ2
, (14b)
σ1 = σ01
(
1− η2L1
L
ar
L
)
. (14c)
In this context, photoassociation ceases when the res-
onant scattering length matches the effective molecular
size, ar ∼ L. As resonance is approached, ar  L
and the system becomes strongly interacting–i.e., the
free-ground rate constant saturates at the value of the
free-bound rate constant–for smaller and smaller inten-
sities I ′01/I01  1. In the limit where the ground state
is much smaller than the excited state, L ∼ L2, pho-
toassociation ceases (ar ∼ L2) and the net lightshift
changes sign (ar ∼ L1/L22) at very different resonant
scattering lengths since L1  L2. Lastly, the depen-
dence on the free-bound laser intensity and detuning is
now readily understood, since these are two means by
which the scattering length can be tuned with photoas-
sociation [24, 25, 26].
E. Coherent Conversion
Although a rate constant enhanced by three orders of
magntiude is impressive, it is not necessarily the same
as coherent conversion to the electo-vibrational ground
state. Indeed, given that the enhanced free-ground
rate constant saturates near-resonance at the rate for
free-bound photoassociation alone, the question arises
whether the conversion to ground state molecules is co-
herent, or whether the molecules decay as fast as–or
faster than–they are made. Borrowing yet again from
quantum optics, coherence is reached when the Rabi cou-
pling is large compared to the damping rate, |χ|/Γ 1.
Using the collisional expression for its economy, the co-
herence factor is
χ
Γ
=
Ω1
(
1− η ar
L
)
Γ1 +
(
η
ar
L
Ω1
Ω2
)2
Γ2
. (15)
Results for LiNa are shown in Fig. 5. As resonance is
approached, the coherence factor coupling increases and
coherence is reached; but, it is eventually lost again, even
610-3 10-2 10-1 100 101
10-1
100
101
102
103
-!
/"
- #2/"02
FIG. 5: Coherence in enhanced heteronuclear free-ground
photoassociation is reached when the effective Rabi coupling
is much larger than the effective decay rate, say, |χ|/Γ ∼ 102.
The free-ground intensity is fixed at 10 W/cm2, and the solid
(dashed) line is for I2/I1 = 1 (10).
as the rate constant continues to experience enhance-
ment. According to Eq. (15), the maximum occurs simi-
lar to saturation: for large free-bound detunings, Γ1 dom-
inates and χ/Γ ∼ ar; for small detunings, Γ1 is negligible
and χ/Γ ∼ 1/ar. The inflection value of the scattering
length is
ar
L
=
1
η
Ω2
Ω1
√
Γ1
Γ2
, (16a)
which translates into an inflection detuning
δc
Γ02
= − η
8pi
1
ρ1/3L
Ω1Ω2
ωρΓ02
√
Γ2
Γ1
. (16b)
The lowest detunings are on the verge of validity of the
model but, again, we expect that these results are a rea-
sonable approximation, nonetheless, based on intuition
from the combined resonance system [16].
IV. CONCLUSION
We have investigated ground-free-bound photoasso-
ciation of a heteronuclear Bose-Einstein condensate of
atoms into dipolar molecules in the J = 1 electro-
vibrational ground state. Coupling the additional state
to the continuum leads to a cross-coupling between the
previously uncoupled molecules, which allows an alter-
nate pathway for transitions to the ground molecular
state and, therefore, quantum interference. While inde-
pendent of the free-ground laser parameters, elimination
and enhancement of the free-ground rate constant de-
pends on the detuning and intensity of the free-bound
laser, as well as the semi-classical size of both molecular
states. Similarly, the cross-molecular coupling leads to
a dispersive-like shift of the free-ground resonance posi-
tion, which is also independent of the free-ground laser
parameters, but does depend on the free-bound laser pa-
rameters and the size of both molecular states. Finally,
although enhancement of the free-ground rate constant
tops three orders of magnitude, there is only a small
range in free-bound detuning where coherent conversion
to ground state molecules is possible.
Besides an all-optical route to enhanced coherent con-
version from heteronuclear atoms to dipolar molecules
in the electro-vibrational ground state, the significance
of the present work is elucidation of the role played
by both molecular state sizes, and the subsequent con-
trast with the analogous Feshbach-enhanced photoassoci-
ation [15, 16, 17, 18]. In the case of Feshbach-enhanced
free-bound transitions to an excited state [15, 16, 18],
the rate constant vanishes and the anomalous lightshift
changes from red to blue at roughly the same magnetic
field detuning, whereas here we find that rate constant
vanishes and the anomalous lightshift changes sign at
very different values. Based on the present results, this
differential is due to an enhancing state that is much
smaller (larger) than the target state in the magneto-
optical (all-optical) system. Comparison to the magneto-
optical heteronuclear case is difficult, since the results
of Ref. [17] are not explicit with respect to the size
of the molecules. Nevertheless, the results herein pro-
vide a roadmap to a broader understanding of Feshbach-
enhanced free-ground photoassociation to the heteronu-
clear electro-vibrational ground state.
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